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Our recent studies on Co-clusters embedded in various ma- 
trices reveal that the co-deposition technique (simultaneous 
deposition of two beams : one for the pre-formed clusters and 
one for the matrix atoms) is a powerful tool to prepare mag- 
netic nanostructures with any couple of materials even though 
they are miscible. We study, both sharply related, structure 
and magnetism of the Co/Nb system. Because such a hetero- 
geneous system needs to be described at different scales, we 
used microscopic and macroscopic techniques but also local 
selective absorption ones. We conclude that our clusters are 
3 nm diameter f.c.c truncated octahedrons with a pure cobalt 
core and a solid solution between Co and Nb located at the 
interface which could be responsible for the magnetically in- 
active monolayers we found. The use of a very diluted Co/Nb 
film, further lithographed, would allow us to achieve a pattern 
of microsquid devices in view to study the magnetic dynamics 
of a single-Co cluster. 

61.10.Ht, 61.46.+W, 75.50.Tt 



I. INTRODUCTION 

Structural and magnetic properties of clusters, i.e. par- 
ticles containing from two to a few thousand atoms, are 
of great interest nowadays. From a technological point 
of view, those systems are part of the development of 
high density magnetic storage media, and, from a fun- 
damental point of view, the physics of magnetic clusters 
still needs to be investigated. Indeed, to perform sta- 
ble magnetic storage with small clusters, one has to con- 
trol the magnetization reversal process (nucleation and 
dynamics), and thus make a close connection between 
structure and magnetic behavior. To reach the mag- 
netic properties of small clusters, there are two available 
approaches : "macroscopic" measurements (using a Vi- 
brating Sample Magnetometer (VSM) or a Super Quan- 
tum Interference Device (SQUID)) on a cluster collection 
(10 9 particles) that implicate statistical treatments of the 
data, and "microscopic" measurements on a single par- 
ticle. From now, micro-magnetometers (MFM, |lj Hall 
micro-probe, or classical micro-squid ||) were not sen- 
sitive enough to perform magnetic measurements on a 
single cluster. The present paper constitutes the prelim- 



inary study toward magnetic measurements on a small 
single cluster using a new microsquid design. We focus 
on and try to connect structural and magnetic properties 
of a cluster collection. With a view to clear up structural 
questions, we first study the structure of nanocrystallinc 
Co-particles embedded in a niobium matrix by means of 
Transmission Electron Microscope (TEM) observations, 
X-ray diffraction and absorption techniques. Then mag- 
netization measurements are performed on the same par- 
ticles to deduce their magnetic size and their anisotropy 
terms. 



II. EXPERIMENTAL DEVICES 

We use the co-deposition technique recently developed 
in our laboratory to prepare the samples. Q It consists 
in two independent beams reaching at the same time a 
silicon (100) substrate at room temperature : the pre- 
formed cluster beam and the atomic beam used for the 
matrix. The deposition is made in a Ultra High Vacuum 
(UHV) chamber (p=5.10~ 10 Torr) to limit cluster and 
matrix oxidation. The cluster source used for this exper- 
iment is a classical laser vaporization source improved 
according to Milani-de Heer design. || It allows to work 
in the Low Energy Cluster Beam Deposition (LECBD) 
regime : clusters do not fragment arriving on the sub- 
strate or in the matrix. || The vaporization Ti:Sapphirc 
laser used provides output energies up to 300 mJ at 790 
nm, in a pulse duration of 3 /is and a 20 Hz repetition 
rate. It presents many advantages described elsewhere, 
JjJ such as adjustable high cluster flux. The matrix is 
evaporated thanks to a UHV electron gun in communi- 
cation with the deposition chamber. By monitoring and 
controlling both evaporation rates with quartz balances, 
we can continuously adjust the cluster concentration in 
the matrix. We previously show that this technique al- 
lows to prepare nanogranular films from any couple of 
materials, even two miscible ones forbidden by the phase 
diagram at equilibrium. || We determine the crystalline 
structure and the morphology of cobalt clusters deposited 
onto copper grids and protected by a thin carbon layer 
(100 A). From earlier High Resolution Transmission 
Electron Microscopy (HRTEM) observations, we found 
that cobalt clusters form quasi-spherical nanocrystallites 
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with a f.c.c structure, and a sharp size distribution. 




In order to perform macroscopic measurements on a clus- 
ter collection using surface sensitive techniques, we need 
films having a 5-25 nm equivalent thickness of cobalt clus- 
ters embedded in 500 nm thick niobium films. We chose 
a low cluster concentration (1-5 %) to make structural 
and magnetic measurements on non-interacting particles. 
One has to mention that such concentration is still far 
from the expected percolation threshold (about 20 %). ||] 
From both X-ray reflectometry and grazing X-ray scat- 
tering measurements, we measured the density of the Nb 
films: 92 % of the bulk one, and a b.c.c polycrystalline 
structure as reported for common bulk. X-ray absorp- 
tion spectroscopy (XAS) was performed on D42 at the 
LURE facility in Orsay using the X-ray beam delivered 
by the DCI storage ring @ at the Co K-edge (7709 eV) 
by electron detection at low temperature (T=80 K) [p"i"| . 
The porosity of the matrix is low enough and avoids the 
oxidation of the reactive Co clusters as shown in X-ray 
Absorption Near Edge Structure (XANES) spectra at the 
Co-K edge where no fingerprint of oxide on cobalt clusters 
embedded in niobium films is observed. The results of 
the Extended X-ray Absorption Fine Structure (EXAFS) 
simulations reveal the local distances between first Co- 
neighbors and their number for each component. Mag- 
netization measurements on diluted samples were per- 
formed using a Vibrating Sample Magnetometer (VSM) 
at the Laboratoire Louis Neel in Grenoble. Other low 
temperature magnetization curves of the same samples 
were obtained from X-ray Magnetic Circular Dichroism 
(XMCD) signal. The measurement was conducted at the 
European Synchrotron Radiation Facility in Grenoble at 
the ID12B beamline. The degree of circular polariza- 
tion was almost 80 %, and the hysteresis measurements 
were performed using a helium-cooled UHV electromag- 
net that provided magnetic fields up to 3 Tesla. 

III. STRUCTURE 

The origin of the EXAFS signal is well established as 
mentioned in various references. [H If multiple scatter- 
ing effects are neglected on the first nearest neighbors, 
the EXAFS modulations are described in terms of in- 
terferences between the outgoing and the backscattered 
photoelectron wave functions. We use Mc-Kale tabulated 
phase and amplitude shifts for all types of considered Co- 
neighbors. [^3) The EXAFS analysis is restricted to solely 
simple diffusion paths from the standard fitting code de- 
veloped in the Michalowicz version [li|] w here an ampli- 
tude reduction factor Sq equal to 0.7 |15[ and an asym- 
metric distance distribution based on hard sphere model 
Jl6| are introduced. The first consideration traduces the 
possibility of multiple electron excitations contributing 
to the total absorption coefficient reduction. The second 
one is needed to take into account the difference between 



the core and the interface Co-atom distances in the clus- 
ter. U So, in the fit, Rj and Sj values, corresponding to 
the shortest distance and to the asymmetry parameter 
of the ] th atom from the excited one respectively, replace 
the average distance in the standard EXAFS formula- 
tion. We also define Nj the coordination number, tjj the 
Debye- Waller factor of the f h atom, k the photoelectron 
momentum and T(k) its mean free path. Structural pa- 
rameters (Nj, Rj,<jj, Sj) were determined from the sim- 
ulation of the EXAFS oscillations (Fig. 1). As for some 
systems with two components (for example in metallic 
superlattices previously studied p0| , p7[ |), the first Fourier 
transform peak of the EXAFS spectrum presents a shoul- 
der which can be understood unambiguously in terms of 
phase-shift between Co and Nb backscatterers for k val- 
ues around 5A _1 . This splitting in the real space corre- 
sponds to a broadening of the second oscillation in the 
momentum space |l0|| (see Fig. 1). Thus, in the simula- 
tions, we first consider two kinds of Co-neighbors : cobalt 
and niobium. But, a preliminary study of cobalt and 
niobium core levels by X-ray photoelectron spectroscopy 
reveals a weak concentration of oxygen inside the sample 
owing to the UHV environment. The core level yielding 
provides an oxygen concentration of about 5 %. Such Co- 
O bonding is taken into account for the fit improvement. 
Moreover, from HRTEM and X-ray diffraction patterns 
plpl, we know : the mean size of the clusters (3 nm), 
their inner f.c.c structure with a lattice parameter close 
to the bulk one and their shape close to the Wulff equi- 
librium one (truncated octahedron). Finally, the Co/Nb 
system can be usefully seen as a cobalt core with the 
bulk parameters and a more or less sharp Co/Nb inter- 
face. From these assumptions, we use the simulation of 
EXAFS oscillations to describe the Co/Nb interface and 
to verify it is relevant with an observed alloy in the phase 
diagram (tetragonal CoeNby). The best fitted values of 
EXAFS oscillations are the following : 

- 70 % of Co atoms are surrounded with cobalt neigh- 
bors in the f.c.c phase with the bulk-like distance 
(d Co _ Co =2.50 A), corresponding to N x =8.4, Ri=2.495 
A, cri=0.1 A, si=0.18 A in EXAFS simulations. 

- 26 % of Co atoms are surrounded with niobium neigh- 
bors in the tetragonal CogNby phase, corresponding to 
N 2 =3.1, R 2 =2.58 A, cr 2 =0.16 A, s 2 =0.06 A in EXAFS 
simulations. 

- 4 % of Co atoms are surrounded with oxygen neighbors 
with a distance equal to dc o -o=2.0 A based on the typ- 
ical oxygen atomic radii in chemisorption systems |l8| or 
transition metal oxides. This environment corresponds 
to N 3 =0.5, R 3 =1.9 A, (73=0.04 A, s 3 =0.1 A in EXAFS 
simulations. 

According to Ref. p9| , a 3 nm-diameter f.c.c truncated 
octahedron consists of 35.6 % core atoms (zone a), 27 % 
atoms in the first sublayer (zone b) and 37.6 % atoms in 
the surface layer (zone c). Let us propose the following 
compositions : a pure f.c.c Co phase in zone a, a Co4Nb 
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phase in zone b, and a C06ND7O2 phase in zone c (i.e. 
: at the cluster-matrix interface). The corresponding co- 
ordination numbers : Ni(Co-Co)=8.5, N 2 (Co-Nb)=3.1 
and N3(Co-O)=0.4 are in good quantitative agreement 
with the coordination numbers Ni , N2 and N3 we obtain 
from EXAFS simulations. Concerning the other fitting 
parameters, what is found is the high value for the mean 
free path of the photoelectron (r = 1.6) and the De- 
bye Waller factor for Co- metal environment (cr> 0.1 A). 
Notice that because we did not dispose of experimental 
phase and amplitude, but calculated ones, a large differ- 
ence between sample and reference is expected, so their 
absolute values do not represent physical reality but only 
are necessary to attenuate the amplitude of oscillations. 
On the contrary, the total number of neighbors is fixed 
by TEM experiments which reveal a f.c.c-phase for the 
Co-clusters (so Ni+N 2 +N 3 =ll±l). To follow the shape, 
position and relative amplitudes of the oscillations, Nj 
is a free parameter for each component in the simula- 
tion and besides is related to the concentration of the 
) th atom from the Co-absorber one in the sample. This 
study finally evidences a diffuse interface between cobalt 
and niobium mostly located on the first monolayer. 

In summary, we made a consistent treatment of all the 
experimental results obtained from different techniques. 
We notice that EXAFS spectra show unambiguously a 
smooth interface between miscible elements as cobalt and 
niobium. This information will be of importance and is 
the key to understand the magnetic behavior discussed 
below. 

IV. MAGNETISM 

Here, we present the magnetic properties of these 
nanometer sized clusters embedded in a metallic ma- 
trix. Furthermore such a system will be used to per- 
form microsquid devices in order to reach magnetiza- 
tion measurements on an isolated single domain clus- 
ter. The present study deals with macroscopic measure- 
ments performed on a particle assembly (typically 10 ) 
of cobalt clusters in a niobium matrix to describe the 
magnetic properties of the Co/Nb system. Because of 
the goal mentioned above, we focus on very diluted sam- 
ples (less than 2 % volumic for Co concentrations). For 
these low cluster concentrations, magnetic couplings be- 
tween particles are negligible whereas dipolar and RKKY 
interactions in the case of metallic matrix, are consid- 
ered. Nevertheless, both last contributions which vary 
as l/d|j (where dy is the mean distance between par- 
ticles) are expected to be weak compared to ferromag- 
netic order inside the cluster. In a first approximation, 
we neglect any kind of surface disorder so that a sin- 
gle domain cluster can be seen as an isolated macrospin 
with uniform rotation of its magnetization. It means 
that the atomic spins in the cluster remain parallel dur- 



ing the cluster magnetization rotation. In an exter- 
nal applied field, the magnetic energy of a nanoparticle 
is the sum of a Zeeman interaction (between the clus- 
ter magnetization and the local field), and anisotropy 
terms (as shape, magnetocrystalline, surface (interface 
in our case) or strain anisotropy). At high temperatures 
(T>100 K), anisotropy contributions of nanometric clus- 
ters can be neglected compared to the thermal activation 
(K e ffV/kB ~ 30if ptifl) and clusters act as superpara- 
magnetic independent entities. A way to estimate the 
interparticle interactions is to plot 1/x vs. T in the su- 
perparamagnetic regime. 1/x follows a Curie- Weiss- like 
law : 

\=C{T-6) (1) 

A 

and 9 gives an order of magnitude of the particle interac- 
tions. p8| From experimental data, we give 1/x vs. T on 
Fig. 2, and find 6—1-2 K, which is negligible compared 
with the other energies of the clusters. In the super- 
paramagnetic regime, we also estimate in Section A the 
magnetic size distribution of the clusters. At low temper- 
atures, clusters have a ferromagnetic behavior due to the 
anisotropy terms. And, in Section B, we experimentally 
estimate their mean anisotropy constant. 

A. Magnetic size measurement 

In the following, we make the approximation that the 
atomic magnetic moment is equal to 1.7 [Ib at any tem- 
perature (or 1430 emu/cm 3 like in the bulk h.c.p cobalt). 
Besides, our synthesized cobalt clusters have approxi- 
mately a 3 nm diameter and contain at least 1000 atoms. 
According to references |2^,|23|], a magnetic moment en- 
hancement only appears for particles containing less than 
500 atoms. So in our size range we can assume that 
the atomic cobalt moment is close to the bulk phase one 
(mco=l-7/is). We consider a log-normal size distribu- 
tion : 



f(D) = 




where D m is the mean cluster diameter and a the dis- 
persion. In the superparamagnetic regime, we can use a 
classical Langevin function L(x) and write : 

m(H, T) = r °° D 3 L(x)f(D) dD = fioHjnD 3 /6)M S 
m sat J^D^f(D)dD ,X ~ k B T 

(3) 

where H is the applied field (/xoH in Tesla) , T the temper- 
ature and m sat the saturation magnetic moment of the 
sample estimated on magnetization curves at low temper- 
atures under a 2 Tesla field. First of all, on Fig. 3, one 
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can see that for T>100 K, m(H/T) curves superimpose 
according to Eq. (3) for a magnetic field being applied 
in the sample plane (we checked that the results are the 
same for a perpendicular applied field). Secondly, one 
can notice that for T=30 K, the magnetization deviation 
to the high temperature curves comes from the fact that 
the anisotropy is not negligible anymore, and one has to 
use a modified Langevin function in the simulation. |27j] 
In this equation, we also assume the particles to feel the 
applied field, actually, they feel the local field which is the 
sum of the external field and the mean field created by the 
surrounding particles in the sample. Furthermore, in the 
superparamagnetic regime, we fit experimental m(H,T) 
curves obtained from VSM measurements to find D m and 
cr, the mean diameter and dispersion of the "magnetic 
size" distribution, respectively (see Fig. 4). For those 
fits, we still use the Ms bulk value (the use of other ones 
given in references 29-31 leads quite to the same results 
(with an error less than 5 %), the determining factors 
being D m and a). Figure (5) displays D m and a for two 
niobium deposition rates (V/vt,=3 A/s and V/v(,=5 A/s, 
respectively). Such results are compared with the real 
cluster sizes deduced from TEM observations. The mag- 
netic domain is always smaller than the real diameter. 
Furthermore, the magnetic domain decreases as the de- 
position rate increases. This indicates that the kinetics 
of the deposition plays a crucial role for the nature of 
the interface. For example, we found a magnetic domain 
size of 2.3 nm (resp. 1.8 nm) for a 3 nm diameter clus- 
ter when V Nb =3 A/s (resp. Vjvb=5 A/s), the dispersion 
cr=0.24 remained the same. 



B. Anisotropy 

The bulk value of the f.c.c cobalt cubic magnetocrys- 
talline anisotropy constant is : Km.4^2.7.10 6 erg/cm 3 
PJJ less than the h.c.p bulk phase one (4.4. 10 6 erg/cm 3 ). 
The shape anisotropy constant K s /j ape can be calculated 
from the demagnetizing factors and the saturation mag- 
netization. In case of weak distortions in the sphericity, 
the shape anisotropy for a prolate spheroid can be ex- 
pressed as follows : 

E sh ape = -HoMl(N z - N x ) cos 2 ((9) = K shape cos 2 (0) 

(4) 

M5 is the saturation magnetization of the particle : M5 
=1430 emu/cm 3 , 9 the angle between the magnetization 
direction and the easy axis, and N x , N z the demagnetiz- 
ing factors along x-axis and z-axis respectively. We plot 
on Fig. 6, the constant anisotropy K s hape as a function 
of the prolate spheroid deformation c/a j25| (with c and 
a representing the wide and small ellipsoid axis, respec- 
tively). For a truncated octahedron, the ratio c/a has 



been evaluated lower than 1.2 which restricts the K s h a pe 
value of the order of 10 6 erg/cm 3 . However, we have no 
information about the magnitude of interface and strain 
anisotropies in our system. 

Let us now experimentally evaluate the anisotropy con- 
stant K e / f of cobalt clusters from low temperature mea- 
surements. Hysteresis curves are obtained from VSM 
experiments, but at very low temperatures (i.e. T<8 K), 
superconducting fluctuations appear due to the niobium 
matrix and prevent any magnetization measurements on 
the whole sample. So, we also use X-ray Magnetic Circu- 
lar Dichroism as a local magnetometer by recording the 
MCD signal at the cobalt L3 white line as a function of 
the applied magnetic field (for details on the method see 
Ref. p6| ). The angle of the incident beam is fixed at 
55° with respect to the surface normal and the magnetic 
field is parallel to the sample surface. The absorption 
signal is recorded by monitoring the soft X-ray fluores- 
cence yield chosen for its large probing depth (1000 A). 
Finally, from hysteresis curves given by both VSM and 
XMCD techniques, we deduce m r (T), the remanent mag- 
netic moment vs. T down to 5.3 K, and we normalize it 
by taking : m r (8.1K)vsM—^r(8.lK)xMCD, the curve 
m r (T)/m r (5.3K) is given on Fig. 7. To evaluate m r (T), 
one can write : 



„(T) = 



m sat 



lZ ( T)D 3 f(D)dD 



Cte J °° D 3 f(D) dD 



(5) 



where D b (T) is the particle blocking diameter at temper- 
ature T. Cte is a parameter independent of the particle 
size. Cte=2 if clusters have a uniaxial magnetic behavior 
and 3 — y/3 if they have a cubic magnetic one. In order 
to rule out this Cte, we plot the ratio : 



lr(T) 



$D B{T) D 3 f{D)dD 



m r (5.3K) j 1 



D B (5.3K) 



D 3 f(D) dD 



(6) 



One finds Db(T) when the relaxation time of the 
particle is equal to the measuring time : t = 
T exp(K ef fV/k B T) = T mes . 



D%(T) = aT,a = 



6k f 



irK. 



-h 



eff 





TO / 



(7) 



To is the microscopic relaxation time of the particle, taken 
independent of the temperature. The fit result is pre- 
sented on Fig. 7. We find a=3.5±0.1 nm 3 /K, and by tak- 
ing T mes —10 s, and t =10~ 12 -10 -9 s, we obtain K e //=2.0 
±0.3. 10 6 erg/cm 3 . By fitting Zero Field Cooled (ZFC) 
curves for different applied fields, we can also evaluate 
K e f f. Besides, if we neglect the blocked particle suscep- 
tibility, we have : 



m ZFC {H,T) J DB(H ' T) D 3 L(x)f(D)dD 
f °°D3f(D)dD 



m 



sat 



(8) 
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Moreover, for low field values compared with the 
anisotropy field of cobalt clusters (estimated to be 
/ioH a =0.4 T), we can make the approximation : 



D 3 B (H,T) 



Two 1 



H 



T 



(9) 



where a is the coefficient of Eq. (7), a a numerical con- 
stant. The ZFC curve fits are presented on Fig. 8. A 
linear extrapolation to hqK—O T also gives a«3.5 nm 3 /K 
and an anisotropy constant of 2.0±0.3.10 6 erg/cm 3 for 
the same numerical values as above. We found a similar 
result for the second sample with a niobium evapora- 
tion rate of 5 A/s. Finally we experimentally found an 
anisotropy constant close to the one of quasi-spherical 
f.c.c cobalt clusters. 



V. DISCUSSION 



compared with recent results obtained on smaller cobalt 
particles (150-300 atoms) stabilized in polymers. The 
estimated mean anisotropy constant might correspond to 
cubic magnetocrystalline or shape effects. To confirm 
this assumption, works are in progress to investigate the 
magnetic properties of a single cluster in a niobium ma- 
trix using a new microsquid technique. 
One can also mention that for XMCD signals detected 
from the total electron yield method, the extraction of 
quantitative local magnetic values from the applicability 
of the individual orbital and spin sum rules is in progress. 
|b3| Nevertheless, one can mention a small enhancement 



of the orbital/spin magnetic moment ratio. 34 Such in- 
crease might come from the orbital magnetic moment en- 
hancement expected for small particles. J3l| Systematic 
XMCD studies on clusters assembled Co/X films should 
be performed on Si-protected layers under synchrotron 
radiation to confirm these results. 



The "magnetic size" distribution is compared to the 
one obtained from TEM observations of pure Co-clusters 
prepared in the same experimental conditions (see Fig. 
5(a)). For all the studied Co/Nb samples, we systemati- 
cally find a global size reduction which might be related 
to the formation of a non-magnetic alloy at the interface 
as suggested by EXAFS simulations. The most signifi- 
cant parameter in the magnetically dead alloy thickness, 
seems to be the rate of deposition of the niobium matrix 
(y Nb)- As an example, we mention that for Vat(,=5 A/s, 
the reduction is twice the one for Vn&=3 A/s (see Fig. 
5(b)). That result suggests the model proposed in Fig. 
9(a), 9(b). As cobalt-niobium forms a miscible system 
|p2| , we show that the more V Mb increases, the more the 
quantity of Nb-atoms introduced at the cobalt cluster 
surface increases. 

To study the magnetism of the perturbed monolayers at 
the interface, we prepared a cobalt-niobium alloy using 
induction-heating under argon atmosphere with 40 %-Co 
and 60 %-Nb atomic weights. From classical X-ray 9/29 
diffraction (A=1.5406 A), we identified the /3-phase given 
by the binary phase diagram : CogNby. From VSM mea- 
surements on this sample, we found a remaining param- 
agnetic susceptibility x=10~ 4 (for 2<T<300 K) corre- 
sponding to the "Pauli" paramagnetism of the sample. 
This feature could explain the "dead" layer at the clus- 
ter surface. Obi and al. J2lj obtained two "magnetically 
dead" cobalt monolayers on cobalt-niobium multilayers 
evaporated by a rf-dual type sputtering method ("mag- 
netically dead" layers were also suggested by Muhge and 
al. |3^] for Fe/Nb multilayers). Finally, we can underline 
the fact that the pre-formed cobalt clusters by LECBD 
technique are very compact nanocrystallites which con- 
serve a magnetic core even if embedded in a miscible 
matrix. The existence of a "magnetically dead" layer 
at the cluster-matrix interface may reduce surface effects 



VI. CONCLUSION 

We have shown that the magnetic properties of 
nanoparticles can be evaluated unambiguously if we know 
the size, the shape and the nature of the interface. This 
latter is given by EXAFS spectroscopy. We summarize 
the main results : 

- the mean like-bulk Co-Co distance (dco-Co— 2-50 A) 
concerns the 3/4 of the atoms (namely : the core atoms) 

- Co-Nb bonds are located on roughly one monolayer 
at the surface of the Co-clusters embedded in the Nb- 
matrix. 

Even though this interface is rather sharp, it is of impor- 
tance since the interface thickness is on the same order 
of magnitude than the cluster radius. In addition, some 
magnetic properties were approached by different com- 
plementary techniques as VSM magnetometry (at tem- 
peratures higher than 8 K) and XMCD signal detected 
by the fluorescence yield method (at temperatures from 
5.3 K to 30 K) under a magnetic field. We show the good 
result coherence on the superimposed range (8 K<T<30 
K) for both techniques probing the whole thickness of 
the sample. The main result is the possibility of a " mag- 
netically dead" layer at the interface Co/Nb, to relate to 
the alloyed interface (from EXAFS measurements) and 
to the moderate anisotropy value (found around 2.10 6 
erg/cm 3 ). To confirm this assumption and to understand 
the role of the interface on the anisotropy terms involved 
in so low dimension magnetic nanostructures, XMCD 
measurements at the Co-L2 i 3 edge have to be provided 
on a Co/Nb bilayer stacking (alternating 2 monolayers of 
Co and 2 monolayers of Nb) with the same Nb-deposition 
rates as in our systems. 
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FIG. 1. EXAFS spectrum obtained on the sample contain- 
ing 5 % of cobalt clusters embedded in niobium (o : experi- 
mental data, continuous line : simulation). 

FIG. 2. Inverse of the sample susceptibility plotted versus 
the temperature T, making a linear extrapolation of this curve 
for high temperatures, one obtains, when 1/x — * 0, an idea of 
the interaction temperature : #=1-2 K. 

FIG. 3. In the superparamagnetic regime, m(H/T) curves 
superimpose for T=100, 200 and 300 K. (+ : 300 K, x : 200 
K, o : 100 K). At T=30 K (• : 30 K), the anisotropy energy 
is no more negligible, and one has to use a modified Langevin 
function to fit the curve. 

FIG. 4. We use a classical Langevin function to fit experi- 
mental magnetization curves m(H) in the superparamagnetic 
regime (• : experimental data, continuous lines : fits). This 
allows us to deduce the mean particle diameter D m and the 
dispersion a of the "magnetic" size distribution considering a 
log-normal distribution for cobalt clusters. 
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FIG. 5. (a) TEM size distribution : D m =3.0±0.1 nm, 
ct=0.24±0.01 and "magnetic" size distribution : D m =2.3±0.1 
nm, <r=0.24±0.01 for a niobium deposition rate Vjvb=3 A/s 
and a log-normal distribution, (b) TEM size distribution : 
D m =3.2±0.1 nm, a=0.25±0.01 and "magnetic" size distribu- 
tion : D m =1.8±0.1 nm, a=0.25±0.01 for a niobium deposi- 
tion rate Vjvb=5 A/s. 

FIG. 6. The volumic shape anisotropy energy (K s 
erg/cm 3 ) is plotted (continuous line) vs. the particle deforma- 
tion c/a assuming it is a prolate spheroid. We also report vo- 
lumic magnetocristalline anisotropy energy for f.c.c and h.c.p 
cobalt. 

FIG. 7. Remanent magnetic moment plotted vs. 

the temperature T. The signal is first normalized writ- 
ting : m r (8.1K)vsM=m T .(8.1K)xMCZ), and then we take 
m r (5.3K)=l. We see that the continuous line curve fits both 
VSM (•) and XMCD (o) measurements. From this fit, we can 
deduce the anisotropy constant K e / / . 

FIG. 8. (a) ZFC curves (black dots) taken for 6 different 
applied fields : (a) 0.002 T, (b) 0.005 T, (c) 0.0075 T, (d) 
0.01 T, (e) 0.015 T, (f) 0.02 T. (b) Fits (continuous lines) 
allow to deduce af(H/H ) (D|(H,T)=af(H/H )T) and then 
the anisotropy constant K e / / . 

FIG. 9. (a) Expected magnetic structure of cobalt clus- 
ters embedded in a niobium matrix, we find one "magnet- 
ically dead" cobalt monolayer (2x3.5 A in diameter) for a 
Vjvb=3 A/s deposition rate, (b) two "magnetically dead" 
cobalt monolayers (4x3.5 A in diameter) are found for Vjv6=5 

A/s. 
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